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INTRODUCTION 

An annotated  bibliography of NACA reports  containing  information 
of i n t e r e s t  t o  designers  and mnufacturers of controls fm tu rboje t  
engines i s  needed primarily  because NACA reports  are published a s  seg- 

3 ments of information are discovered.  Furthermore, many reports  of in-  
3 terest  are not  found i n  a normal index  because  the title makes no 

specif ic   reference  to   controls .   This   report   therefore   presents  a l ist-  
ing of a l l  NACA reports  containing  information  pertinent  to  the  control 
of turbojet  engines. 

r 
This bibliography lists the  reports under the eleven major topics,  

starting, acceleration, f m - o u t ,  temperature con t ro l ,   s t ab i l i t y  and 

fuser control,  steady-state  engine  performance, fuel systems,  sensors, 
and general   control  system theory. Under each  topic, mention is made 
of several problems that have been  studied,  and one or two appropriate 
reports  are ci ted.  

Y dynamics of small disturbances,  coribustion dynamics, engine  inlet  dif- 

Listed under each topic  are NACA reports  containing  information 
s ign i f i can t ly   r e l a t ed   t o  the par t icu lar   top ic .   In  a f e w  instances, 
re fe rences   to   per iodica l  literature are made where the work is not 
available in NACA reports .  

Documents in t he  NaCA R e p o r t  series (designated NACA Rep.) may be 
obtained f r o m  the Superintendent of Documents, U.S. Government Pr in t ing  
Office, Washington 25, D. C .  Technical Notes (desfgnated NACA TN), Re- 
search Memorandums (des ign~ ted  NACA RM), and the  several professional 
society  papers by NACA authors that are cited may be obtained  from 
NACA Headquarters, 1512 E. Stree t ,  N. W., Washington 25, D. C .  

STARTING 
t 

Some of the problems connected wi,th starting that influence  control 
W design are (1) cranking, (2) windmilling, (3) ignit ion,  (4) propagation 

of flame, (5) acceleration  from  cranking  speed t o  operating  speed,  and 
(6) damage to 'engine  incurred  in  starting. 
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Some experimental  observations  of  required  cranking  epeed  and 
starter  parer  for a centrifugal  turbojet  engine  are  given  by  Koenig  and 
Dandois (€?I4 E7Ll7), but  no  reports  on  the  general  problems of cranking 
have  been  published.  Windmilling  characteristics  of  several  engines 
are  surveyed  by  Wallner  and  Welna (RM E5U23), and some general con- 
clusions  concerning  windmilling  are  presented.  The  accessory  drive 
power  available  in  windmilling for one engine is sham by  Walker  and 
Fenn (RM E52D30). 

Ignition  characteristics  are  presented  by  Straight  and  McCafferty 
(RM E55G28)  in a general survey. Fundamental  factors  influencing  ig- 
nition are explored  in a series  of  papers  by  Swett ( M I S  E9E17, EU12, 
E52J28,  E54F29a,  and E55116). Fuel-flow  requirements for ignition of 
a turbojet  engine  are  described  by  Rayle  and Douglass (RM EOH168). 
Ignitor-spark  requirements  are  presented  by  Foster  and  Straight (RM 
E54A14), and  design  trends  to  improve  ignition  are  discussed  by  Armstrong 
and  Wilsted (RE9 E52103). Effects  of  fuel-nozzle  design  and  fuel-spray 
pattern on ignition  are  discussed  in  several  reports,  one of which is 
by Gold and  Straight (a E8D14). Effects & fuel  volatility on ignition 
are  presented  by  Braithwaite  and  Sivo (RM E53Lll) .  

Factors  affecting flame propagation  from  ignited  combustors  to 
adjacent  unignited  ones  (including  required fuel-flow manipulation)  are 
given  by  Armstrong  and  Wilsted (RM E52IQ3). Acceleration  characteristics, 
temperatures of turbine  blades,  and  fuel-flow  requirements  for  acceler- Y 

ating  from  ignition  and  cranking  speed  to a useful  operating  speed  are 
presented  by  Phillips (RM E55L22). Flame-out  encountered  during  ac- 
celeration  to  useful  operating  speed  is shown by Golladay  and  Bloomer 
(RM E50G07) . 
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Character is t ics  

Acceleration from cranking  speed t o  useful operating-speed was 
investigated by Phillips (RM E55L22); acce le ra t ion   i n   t he  useful oper- 
ating  range is discussed by St ig l i c ,  Schmidt,  and Delio (RM E54E24). 
I n  both  these  reports,  maps showing speed, fuel flaw, turbine  discharge 
temperature,  and  acceleration  are  presented. The repor t   by   Phi l l ips  
shows the transfer function of turbine blade temperature over the com- 
p l e t e  speed range, thereby making possible the estimation of t r ans i en t  
blade temperatures i n  response t o   a r b i t r a r y   m n i p u l a t i o n  of fuel flow. 
Acceleration  characterist ics of a single-spool  turbojet  engine are 
derived  from component charac te r i s t ics  by Otto and  Taylor (Rep. 1011). 
Acceleration of a two-spool  turboaet  engine as determined from component 
charac te r i s t ics  i s  presented by Dugan (RM ES4L281. 

Effects of altitude and flight Mach nuniber  on accelerat ion are de- 
scribed by Wallner and  Lubick (RM E54128). The v a r i a b i l i t y  of engine 
accelerat ion with engine werhaul and  with  different  engines of t h e  s a m  
model i s  shown by Wallner  and  Lubick (RM E54128). The change  of accel- 
e ra t ion  with rapidly  repeated  acceleration is demonstrated  by mllett 
and  Groesbeck (RM E55G27). The e f fec t s  of changes i n  the air-pressure 
p ro f i l e  a t  the  compressor i n l e t  was explored by Earry and I;ubick (RM 

L 

r E5L-6) . 
Control 

Schedules suitable for use in   acce le ra t ion   cont ro ls  are discussed 
by OppenheiEr  and  Pack (RM E53H26). Compressor inlet-guide-vane ad- 
justment was invest igated by Dobson and  Wallner (RM E54130), and turbine- 
s t a t o r  adjustnvtnt by Walk" and  Jansen (RM E54G26a). The effect iveness  
of compressor i n l e t  baffles in   suppress ing   ro ta t ing  s ta l l  is  discussed 
by  Huntley,  Huppert, and Calvert (RM E54G09). Effects on the  stall 
l imi t  of bleeding air from  between  stages  of the compressor was explored 
by Mallett  and Groesbeck (RM E55G27). A search f o r   p r e s t a u  warning 
s ignals  i s  reported by Deli0 and S t i g l i c  (RM E54IlS). A cont ro l  system 
using a s ta l l  detector w a s  investigated  by Hovik, Heppler,  and S t i g l i c  
(RM E55H03). A peak-holding control  for maintaining lnaximum compressor 
discharge  pressure  during  acceleration i s  analyzed  by Delio (RM E56E310). 
Tests of a closed-loop  control  designed  for  following a temperature 
schedule  during  acceleration are described by  Heppler, S t ig l ic   and  N o v i k  
(RBI E56C08); a similar   s tudy  for  a schedule of maximum accelerat ion 

I s igna l  is presented by S t ig l i c ,  Heppler,  and Novik (RM E56C07). 
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Means  for  Avoiding  Rotor  Acceleration 

Means  for  inqroving  tbrust  control  without  changing  engine  rotor 
speed  have  been  sought.  Thrust  reversers  were  explored by Povolny, 
Steffen,  and  McArdle (TN 3664). Compressor  inlet  throttling,  coupled 
with  opening  the jet nozzle, was explored  by  Harp,  Velie,  and  Mallett 
(RM E54F21). 
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- FLAME-OUT 

Flame-out CCCUTS when  conbustion  is  inadvertently  extinguished 
upon  accelerating from cranking  speed,  when  compressor  surge is en- 
countered,  when  quick  changes  in  fuel  flow  are  made,  and  when a high 
altitude  and low engine  speed  are  reached. 

9 

The  limits  of  fuel f l o w  above  which  flame-out occms during ac- 
celeration  are  shown  in a bench  test of a co&ustor  by  Straight  and 
McCafferty (RM E55G28)  and  by Friedmn and  Zettle (RM E54Ell).  Cases 
of  flame-out  resulting  from  compressor  stall  during  acceleration  are 
reported  by  Conrad,  Bloomer,  and  Sobolewski (RM FSlEO8). Although care- 
fully  obtained  records of deceleration,  such as those  of  Vasu  and  Hinde 
have  been  examined (RM E52E231,  very  few  have  shown a lean  mixture  flame- 
out.  Steady-state flame-out limits  at  altitudes  from 5000 to 50,000 
feet  are  shown  by  Bloomer (RM E9126). 
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on Steady-State and Transient  Performnce of Turbojet Engine x l t h  
Variable-Area  Exhaust Nozzle. NACA RM E52E23, 1953. 

CN 

Temperature-control  problems t h a t  have  been s tudied  are   correlat ion 
between blade-material  temperature  and  gas-temperature  sensing  element, 
temperature  distributions i n  passages where gas  temperatures  are meas- 
ured,  temperature  during  starting, and  eimultane-s control of tempera- 
ture and  speed. (Means for measuring  gas  temperature are treated i n  
another  section o? this paper   ent i t led SENSORS. ) 

- 

- 
Thermocouple  measurements of turbine-blade  temperature a r e  reported 

by Farmer (RM E7L12). Experimental  correlations between turbine-blade 
temperature  and  temperature-sensing  stations that a r e   p r a c t i c a l   f o r  con- d 

t r o l  are presented by Ph i l l i p s  (RM E55LZ2) + This report  describes ef - 
f ec t s  of a l t i t u d e  on the correlations.  Temperature diatr ibut ions at the 
combustion-chamber ou t l e t  w e r e  surveyed by Mark and Zet t le  (RM E9122) 
and by Zettle and  Friedman (RM E54L2La). Combustor-liner  temperatures 
are  reported by Butze and Wear (RM E55A24). Turbine-disk  temperatures 
are reported by Eaorse and Johnston (RM E54IC30a). 

Turbine-blade-temperatures  during  starting were a l s o  observed by 
Morse and Johnston (RM E54K3Oa). Experimental  and  theoretical  investi- 
gations of transient  temperature  throughout  the  turbine blade during 
s tar t ing  are   presented by Ph i l l i p s  (RM E55L22). This repor t   a l so  con- 
t a ins  a map of engine  acceleration as a function of gas temperature i n  
the  starting  speed  range. 

A theoret ical   s tudy of simultaneous  control of tu rb ine  discharge- 
gas  temperature and engine  speed was made by  Pack and Ph i l l i p s  (TN 3U2) .  
Some experimental data on the s t a b i l i t y  of a closed-loop  control between 
turbine  discharge  temperature  and  fuel flow are  presented by Heppler, 
S t ig l i c ,  and Nwik (RM E56C08). 
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SlcABILITY AND DYNAMICS OF SMALL DIS-CES 

The dynamics of a turbojet  engine  with  fixed jet area was inves t i -  
gated by Craig, Vasu, and Schmidt (RM E53C17), and of a turboJet engFne 
with variable Je t  area by Deli0 and Rosenzweig (RM E5lKl9). The high- 
frequency  spectrum  of  engine dynamics was explored by Deli0  and  Stiglic 
(RM E54115). The l a w  of s imi l a r i t y  for estimating the effects of a l t i -  
tude  pressure  and  temperature on engine t%me constant is given by Otto 
and  Taylor (Rep. loll). A Illethod of estimating  engine time constant vas 
developed  by  Gold  and Rosenzweig (RM E5lK21). A convenient  analog  repre- 
sentat ion of t he   l i nea r  dynamics of a turbodet  engine ia   p resented  by 
Ketchum and Craig (TN 2826). An experimental  demonstration  of the ap- 
p l i c a b i l i t y  of l i nea r  dynamic ana lys i s   t o  the design of speed control 

- 
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is  given  by  Dandois  and Nmik (TN 26421, and a similar  demonstration 
for temperature  control  is  given  by  Heppler,  Stiglic,  and Novik (RM 
F56COS). Test  techniques and instrumentation for determining  dynamic 
characteristics  are  described  by Dell0 (TN 2634). 

- 
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COMBUSTION DYNAMICS 
L 

The  frequency  response of combustor  pressure to disturbances  in 
fuel f l o w  to a turbojet  engine  can  be found in a report  by Deli0 and 

namics was matched  with  experimental  data on a turboprop  engine by Craig, 
N-nishi, and Wile (RM E55C23) . The time delay in a turbo jet-engine 
combustor  response to change in fuel f l o w  is shown  by  Heppler,  Stiglic, 

- Stiglic (RM E54Il5). A n  empirical  transfer  function  for  combustion  dy- 
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Novik (RE4 E56C08). The effects  of  sinusoidally  varying  air flow on 
combustion  efficiency  in a ram-jet C~mbUstor was explored by Dangle, 
venka,  and  Perchonok (RM E54Do1). 

Data  on  dynamics of afterburner  conibustion  are  not  available. ob- 
servations  by  Vasu,  Wilcox,  and  Himmel (RM E54Hl0) on ram-jet  combustors 
may be indicative  of  afterburner  dynamics. 

Further  references of interest  in  connection  with  conibustion dy- 
namics will be  found  in  the  bibliography  on  fuel  systems. 
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ENGINE INLEI"DIFPUSER CONTROL 
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Experimental  steady-state  operation of a diff 'user  control is de- 
scribed  by Leissler and Nettles (RM ~54127) .  Some observations of t h e  
dynamics of diffuser   controls  are presented  by Wilcox !RE4 F 5 5 J l . O ) .  Bob-  
lems in  sensing  diff 'user normal-shock posi t ion are given  by Wilcox and 
Perchonok (RM E55Ll4). 
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STEADY-STATE PERFORMANCE 
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Sanders  and Behun (TN 1927).  Experimental data i l l u s t r a t i n g   t h e   e f f e c t s  
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Kaufman and Dobson (RM E54F22). Effects  of pressure  prof i le  st the  
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Conrad, E. William,  Hanson,  Morgan P., and  McAulay,  John E. : Hfects of 
Inlet-Air-Flow  Distortion  on  Steady-State  Altitude  Performance  of  an 
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Metering of f'uel,  distribution of fuel  to  several  injection  points, 
and  transient  response of fuel systems  have  been  studied.  Metering 
characteristics  were  explored  by  Gold  and  Straight (RM E8D14), and  dis- 
tribution  by  Straight  and  Gold (RM E5cIF05). Design  formula6  for  con- 
structing  fuel  systems  having a specified  transient  response,  together 7 

" w3th  illustrative  experimental  data,  is  given  by  Otto,  Gold,  and  Hiller u (TN 3445). Data on the  transient  behavior of fuel systems  with  duplex 
fuel  nozzles  is  presented  by  McCafferty  and Donlon (RM E55E03a). Ob- 

shown by Vasu, Wilcox, and  Himmel (RM E54E10). Theoretical  and emeri- 
mental  information  on the transmission through a long hydraulic  line  is 
treated  by  Rothrock  (Rep. 396). 

- servations of the  transient  response of fuel  systems  with  long  pipes  are 
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SENSORS 

Sensors  for  measuring  temperature,  pressure,  velocity or ma86 flow, 
fuel flow, engine  acceleration,  and  engine  thrust  have  been  investigated. 

Temperature 

Reports  on  thermocouple  design  and  accuracy  have  been  prepared by 
Stickney (TN 3455) and  Simmons (RM E54G22a).  Theoretical  and  experi- 
mental  information  on  thermocouple  time  response  is  presented  by Scdron 
and  Warshawsky (TN 2599).  Means af electrical  campensation  to  minimize 
the  effects of thermocouple  tine  delay  are  treated by Shepsrd  and 
Warshawsky (TN 2703). Equipment  for  measuring  turbine-blade  temperature 
is  described  by  Morse  and  Johnston (RM E5QK30a). 

. 
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Pressure . 
A general  and simplified treatment of the  dynamic response of pres- 

sure sensors is described by Delio, Schwent, and Cesaro (TN 1988). De- 
tails of a pressure  sensor  capable of sensing  pressures from zero t o  
high frequency are presented by Patterson ("I 2659). Deli0 and S t i g l i c  
(RM E541151 and Vasu, Wilcox, and Himme1 (€34 E54HlO) give  the measured 
Frequency responses of several pressure  sensors. 

A i r  and Fuel Flaw 

Design  and test of a hot-trire anemometer su i tab le  for measuring 
rapidly changing air flow are reported by  Shepard (TN 3406). Deli0 
and Schwent (RM E5lD27) describe a fuel-flaw sensor  suitable for meas- 
uring f luc tua t ing  fuel flaws. 

Engine Acceleration 

Measurement and recording of engine acceleration are described  by 
Schmidt, Vasu, and McGraw (RM E53B10). 

- Engine  Thrust 

A th rus t  sensor  suitable for flight t e s t ing  is described by Fleming 
and  Gabriel (RM E55D05a), and one suitable for   laboratory use i s  described 
by  Delio  and Schwent (RM E5lDZ7). 
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The general   areas  in which research has been done on control  systems 
are definit ion  and  selection of optimum controls,  multiple-loop  controls, 
peak-holding ar optimlizing  controls ,   control-with  saturat ion  effects ,  
on-off controls,  and dynamic description of physical  systems. $3 

CN 

Optimum Controls 

Boksenbom and Hood (Rep. 1068)  propose that an optimum control  mini- 
mfze cer ta in   in tegra ls   tha t   a re   ind ica t ive  of disadvantages  such as ac- 
cumulation of  damage or loss of impulse. They apply  var ia t ional  methods 
to   specify  the  analyt ical   form as w e l l  as the   coef f ic ien ts   for  the con- 
t r o l .  Examples for controll ing one manipulated  variable a r e  given. Ex- 
perimental   application of t h i s  approach is reported by  Dandois and Novik 
(TN 2642). A tentative  extension of the  theory  to  multiple-loop controls 
is presented by  Boksenbom, Novik, and  Heppler (TN 2939). 

A sa t i s fac tory   per iod  of damping i s  chosen as a cr i te r ion   for   cont ro l  
adjustment  by  Sternfield and Gates (TN 18591,  and a method for select ing - 
the coeff ic ients  of the  different ia l   equat ions of motion t o  sa t i s fy   t he  
c r i t e r i o n  i s  devised  for   an  a i rcraf t .  

Multiple-Loop  Controls 

Multiple-loop  controls  are  applicable where several manipulated 
variables  exist   and  several   output  vartables must be  constrained. 
Boksenbom and Hood  (Rep. 980) out l ine a general method of select ing a 
control that will permit  changing one output by s imltaneous manipula- 
t i on  of all manipulated  variables  in  such a manner that the  other  output 
var iab les   ( to  a t o t a l  of one l e s s  than  the manipulated  variables) do not 
change during the   t rans ien t .  Pack and Ph i l l i p s  (Rep. 1212) present  an 
analog  study of the  application of t h i a  cont ro l   p r inc ip le   to   the   cont ro l  
of a turboje t  engine, where engine  speed  and turbire gas   t eqe ra tu re  
are constrained  simultaneously. 

Peak-Holding or  Optimalizing  Controls 

Specific  applications of the  principles of peak-holding  controls 
have  been explored.  Delio  and  Stiglic (RM E54115) present  experimental 
data on accelerat ion  character is t ics  of an  engine  together  with a d i s -  
cuasion of applications of a peak-holding  control for acceleration. 
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- Novik, Beppler, and S t i g l i c  (RM E55H03) present   exper iEnta1  results of 
a control   designed  to   hold  peak  pressure  in  the campressor during accel- 
eration. Del io  (RM E56B10) =de an  analog study of' 8 peak-holding  con- 
trol f o r  the case of a system showing a d i scon t inu i ty   i n   t he   r eg ion  of 
the  peak of i ts  chazacter is t ics .  Vasu, Wilcox, and Himmel  (RM E54H101 
show experimental operation of a peak-holding  coutrol f o r  regulat ion of 
the performance of a ram- jet  engine. 
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